Introduction
[2] The acceleration of many of Greenland's outlet glaciers has increased the ice sheet's net contribution to global sea-level rise over the last decade [Chen et al., 2006; Khan et al., 2007; Krabill et al., 2004; Liu et al., 2012; Rignot and Kanagaratnam, 2006; . Several studies have shown that the increase in ice discharge from those glaciers is a consequence of significant acceleration in flow speed [Howat et al., 2005; Joughin et al., 2008; Luckman et al., 2006; Rignot and Kanagaratnam, 2006; Stearns and Hamilton, 2007] , leading to dynamically induced thinning [Howat et al., 2007; Nielsen et al. 2012; Pritchard et al., 2009] . The situation across Greenland continues to evolve. Evidence from the Gravity Recovery and Climate Experiment (GRACE) satellite gravity mission, Global Positioning System (GPS) measurements, and ice, cloud and land elevation satellite (ICESat) [Khan et al., 2010; Pritchard et al., 2009; Velicogna, 2009] suggest there is an ongoing northward migration of increasing ice loss. These observed changes in ice dynamics are likely due to climate change, yet the sensitivity of ice dynamics to climate change is not well understood or realistically included in icesheet models, and so its future role in global sea-level change cannot yet be predicted with much confidence [Lemke et al., 2007] .
[3] In this study, we estimate catchment-wide ice-mass changes on Upernavik Isstrøm (UI) from over more than a quarter century, and separate the contributions of dynamic and melt-induced ice loss. UI is located in northwest Greenland and consists of several outlets that we label glaciers 1 to 4 (Figure 1 ). We show that UI experienced at least two short-timescale accelerations in dynamically induced thinning between 1985 and 2010. The most recent acceleration started in mid-2005 (see section 3), which is consistent with other studies suggesting northward migration of increasing ice loss along the west Greenland margin starting at the same time [Khan et al., 2010] . Recently, Kjaer et al. [2012] reported dynamically induced ice-loss events on the northwestern Greenland Ice Sheet margin from 1985 to 1993 and 2005 to 2010. The first period of ice loss on UI reported in this article could possibly have taken place during 1985 to 1993.
[4] We map changes on UI during 2003 to 2009 using high-resolution ICESat laser altimeter data [Zwally et al., 2010] supplemented with altimeter surveys from NASA's Airborne Topographic Mapper (ATM) flights during 2002 to 2010 [Krabill, 2011] . To assess thinning before 2002, we analyze 1985 aerial photos and derive a 25 Â 25 m gridded digital elevation model (DEM).
[5] We isolate the dynamically induced thinning by comparing observed elevation changes with estimated elevation changes caused by fluctuations in surface mass balance (SMB) and firn densification, using output from the regional atmospheric climate model v.2 (RACMO2) . SMB represents the sum of mass accumulation (snowfall, rain) and ablation (sublimation, runoff), but does not include contributions from dynamically induced thinning.
[6] Dynamically induced thinning and rapid increases in glacier ice speeds seen in many places along the Greenland and Antarctic ice margin has been attributed to decreased flow resistance and increased along-flow tensile stresses during the retreat of the calving front [Howat et al., 2007; Joughin et al., 2004; Shuman et al., 2011; Thomas, 2004] . Thus, we compare the observed thinning with changes in calving front position and changes in ice flow speed. The latter is obtained from measurements of ice motion by satellite interferometric synthetic-aperture radar (InSAR) data from the RADARSAT-1 satellite.
[7] Furthermore, to investigate potential triggers of these dynamically induced ice loss events, we analyze fluctuations in annual mean air and ocean temperatures.
Data Analysis
[8] Aerial photographs of UI were acquired on 23 July 1985, for the purpose of providing stereoscopic coverage of ice-free terrain including nunataks for topographic mapping. The available aerial photographs do not cover the entire catchment basin of Upernavik (see Figure 2 ). The scale is 1:150,000, and ground control, coordinate list, and image observations were provided by the Danish National Survey and Cadastre (http://www.kms.dk/Emner/Landkortogtopografi/ Groenland/Ground_control_Greenland.htm). The coordinates are in the GR96 reference system and mean sea level determined from the GR96 aero-analytical triangulation that uses geodetically surveyed stations for control. The heights are transformed to ellipsoid heights using the EGM96 geoid. The DEM is created from 34 photos, and the corresponding 277 ground control points from the coordinate list. We use these data to derive a 25 Â 25 m gridded DEM for 1985 in a Universal Transverse Mercator reference system (zone 24) with elevations referenced to the height above the ellipsoid (World Geodetic System 1984 [WGS84] ). Socet Set 5.5 (BAE Systems) and ArcGIS 10 (ESRI) were used to process the data.
[9] We evaluate the quality of the adjustment by examining a plot of the estimated mean errors on the heights (see Figure 2 ). These are found from the diagonal elements of the a posteriori covariance matrix resulting from the bundle block adjustment, and are determined by photo geometry and the arrangement of tie and ground control points, the latter two weighted for predicted errors. The mean value on the ice is 2.4 m (with a maximum value of 3.7 m and a minimum value of 1.3 m). For comparison, the values in the region between the ice-sheet margin and the outer coast have a mean of 1.3 m, a maximum of 4.1 m, and a minimum of 0.7 m. In the absence of checkpoints, we assess the accuracy of the 1985 DEM using 2002 to 2010 ATM data as reference data over ice-free terrain, including rocky outcrops in the ice. To obtain an assessment applicable to our modus of determining height change on the ice, we use only ATM heights with a corresponding measured and autocorrelated 1985 DEM height, resulting in 17,569 available sample points out of an initial 24,893. ATM data fulfill the requirement for this test by being at least an order of magnitude more accurate than the 1985 DEM data being evaluated. The resulting distribution and Gaussian fit for elevation differences on ice-free terrain suggest a standard deviation of s DEM85 = 3.8 m. We assign each pixel in the 25 Â 25 m grid an elevation uncertainty of 3.8 m. This number includes errors from the DEM generation, slope, andinterpolation, whereas the simulated mean errors do not. Previous validation studies using similar types of DEMs quoted an uncertainty of between 2.8 and 5.6 m [e.g., Motyka et al., 2010] .
[10] We use ICESat GLA12 Release 31 data [Zwally et al., 2010] to resolve elevation changes relative to 1985. The Geoscience Laser Altimeter System instrument on ICESat provides measurements of ice-sheet elevations [Zwally et al., 2010] . The ICESat elevations are provided relative to the TOPEX/Poseidon ellipsoid; we convert them to the WGS84 ellipsoid. The satellite laser footprint diameter is 30 to 70 m, and the distance between footprint centers is approximately 170 m.
[11] The dominant biases in ICESat elevations come from pointing errors, saturation errors, and atmospheric errors. However, pointing errors are now largely corrected in calibration [Fricker et al., 2005; Luthcke et al., 2005] . Signal saturation can cause heights to be biased low by up to 1.5 m [Fricker et al., 2005] . Applying a saturation correction to the height reduces these errors (National Snow and Ice Data Center, available at http://nsidc.org/data/icesat/data_ releases.html). A further bias can appear as prominent height anomalies that vary locally when clouds are present (À 0.16 m through thick cirrus) [Zwally et al., 2010] . We use the difference between the shape of the return signal and a Gaussian fit (defined as the IceSvar parameter) to reject less reliable data. Large differences indicate less reliable surface elevation estimates. Measurements for which the misfit is large (IceSvar > 0.03) are rejected [Smith et al., 2009] . Multiple peaks can be caused by cloud reflection. Waveforms that contain more than one peak in the return signal are also rejected from the analysis to remove additional bias from cloud reflection. The elevation accuracy depends on surface slopes. For ICESat elevations of flat surfaces that have been corrected for pointing errors and saturation errors, and that have been filtered for surface roughness and atmospheric scattering, the single-shot [Krabill et al., 2002] .
[12] Furthermore, to detect catchment-wide ice loss, we use monthly gravity field solutions from the GRACE satellite gravity mission, generated by the Center for Space Research at the University of Texas, to estimate changes in . Taking into account that ice surface is relatively flat and we use an uncertainty of 3.8 m, errors caused by the surface slope are small and can be ignored. The thinning values in Figure 3a and 3b have uncertainties of
[15] Figure 3c shows interpolated thinning values (on a 25 Â 25 m grid) between 1985 and 2002 to 2005. The interpolation is performed using the collocation method [Heiskanen and Moritz, 1967] and using the GRAVSOFT software package [Forsberg and Tscherning, 2008] . We use correlation distance of 25 km (the distance to where the covariance becomes half the variance). We use the observed thinning values (Figure 3a) [see Heiskanen and Moritz, 1967] . For the predicted thinning values shown in Figure 3c , we estimate a maximum uncertainty of 14.7 m (see Figure 3e) . Similarly, Figure 3d shows interpolated elevation differences between 1985 and 2010. Here we estimate a maximum uncertainty of 6.2 m (see Figure 3f) .
[16] The elevation differences between 1985 and 2002 to 2005 (Figure 3a) suggest that glacier 4 thinned much more than glaciers 1 to 3 during this time period. Glaciers 1 to 3 experienced widespread thinning on the order of 20 to 35 m, with maximum values near their calving fronts. The thinning along glacier 4 was much larger, with some of the track points thinning by as much as 111 AE 3.8 m on its southern tip.
[17] Figures 3b and 3d show elevation differences between 1985 and 2010. The results show increased thinning of glacier 1 (the maximum observed thinning rate on this glacier is 186 AE 3.8 m, near its calving front), but not much change in the elevations of glaciers 2 to 4 relative to 2002 through 2005.
[18] The implication from comparing Figure 3a with 3b (or 3c with 3d) is that glacier 4 underwent appreciable thinning of more than 100 m before 2002, whereas glacier 1 underwent appreciable thinning of more than 100 m after 2005. Glaciers 2 and 3 experienced widespread thinning during 1985 to 2010, but only on the order of 20 to 35 m.
[19] To further constrain the dynamically induced thinning on glacier 1, we use ATM, ICESat data, and the 1985 DEM to estimate a time series of surface elevation changes at two points (denoted as points 1 and 2 in Figure 4a ) located near the front of glacier 1. At point 1 (Figure 4b Figure 4b represent the surface of floating icebergs in the fjord. Figure 4c shows surface elevation changes at point 2, which is located about 7 km farther upstream from point 1. Point 2 has fewer observations; however, it shows huge thinning of more than 
Changes in Ice Speed
[20] To assess the dynamically induced thinning, we examine ice speeds along glaciers 1 to 4 during 2000 to 2008. We use winter velocity maps for Greenland, derived using InSAR data from the RADARSAT-1 satellite, provided by the NSIDC [Joughin et al., 2010] . Figure 5a shows winter ice speeds during 2000 to 2001. During this time period, glaciers 1 to 3 were moving at about 3.5 km yr . The line crosses all four glaciers and shows more than a 100% increase in the speed of glacier 1, but no notable acceleration (or deceleration) of glaciers 2 to 4. The NSIDC also provides uncertainty estimates related to the radar-derived velocity vectors [Joughin et al., 2010] . The formal errors agree with errors determined by comparing radarderived speeds with those derived from GPS data [Joughin, 2002] . The largest formal error along BB′ (provided by the NSIDC) is 0.1 km yr
À1
, well below the observed speeds of glaciers 1 to 4 and change in speed at glacier 1.
SMB
[21] To isolate the dynamically induced thinning, we use the RACMO2, which is based on the high-resolution limited area model with physical processes adopted from the global model of the European Centre for Medium-Range Weather Forecasts (ECMWF). Its adaptation for the Greenland ice sheet, including the treatment of meltwater percolation and refreezing, as well as the evaluation of the modeled SMB, is described by Ettema et al. [2009] and Ettema et al. [2010] . The lateral boundary conditions are provided by ECMWF reanalyses, notably ERA-40 and ERA-Interim, and the model is run over the period from 1958 to 2010. Based on a comparison with observations, Ettema et al. [2009] concluded that the model performs very well (N = 265, r = 0.95), yielding a 14% uncertainty in ice-sheet integrated SMB; this is also the uncertainty we apply to the SMB of the individual glacier basins considered in this study. The elevation change shown in Figure 6 was derived from RACMO2 using SMB anomalies compared with the mean for 1961 through 1990, a period that shows no trend in SMB . Firn compaction and firn density were calculated using a model developed specifically for the percolation zone [Reeh, 2008] . Firn compaction has a negligible effect on the elevation change as the region lies within the ablation zone. The SMB anomaly was converted to an elevation change using the surface density from the model. [Blair and Hofton, 2010] . LVIS measurements have an elevation standard deviation of s LVIS = 0.1 m [Blair and Hofton, 2010] . To derive icesurface change estimates, we first divide the entire UI drainage basin into 500 AE 500 m cells. We assume the ice surface of cell (i,j) includes a seasonal term and a secular term. Thus, the observed height H ij of the (i,j)'th cell at time t can be expressed as:
where a ij represents the secular term and b ij an offset. The seasonal term is described by the a ij and b ij ,
where o is the frequency of the annual term, and A ij and ' ij are the amplitude and phase of the annual term, respectively. (E À E ,j) 'th cell. SE ij is the ice slope of the (i,j)'th cell in the eastern direction, whereas NE ij is the ice slope of the (i,j)'th cell in the northern direction.
[24] Our procedure for deriving ice-surface elevation changes is similar to the method used by, for example, Ewert et al. For each (i,j)'th cell point in the UI drainage basin, we search for all available ICESat, ATM, and LVIS data points located within the cell. Thus, we find all data points within the 500 Â 500 m box and simultaneously fit (using least squares) annually and secularly varying terms, and slopes in the easterly and northerly directions. Next, we use the observed ice-elevation change rates with their associated uncertainties to interpolate (using collocation) ice-thinning values onto a regular grid.
[25] Figure 7a and 7b show ice elevation changes during 2005 to 2010 and their associated uncertainties, respectively. Figure 7 show huge thinning (>100 m) on glacier 1, and only minor thinning (10-25 m) on glaciers 2 to 4. The UI catchment basin extends about 450 km inland (see lower left panel in Figure 7a ) and corresponds to area 24 of Rignot and Kanagaratnam [2006] . Table 2 displays catchment-wide dynamically and melt-induced ice-mass loss during 2005 to 2010. To convert ice volume to mass, we use the simple firn compaction model of Reeh, [2008] . We estimate a total mass loss of 53.5 AE 12.8 Gt during 2005 to 2010, where the contribution of dynamically induced mass loss is 80% (43.0 AE 12.9 Gt).
Catchment-Wide Ice Loss From GRACE
[26] To detect catchment-wide ice loss, we use gravity field solutions from the GRACE satellite gravity mission to estimate changes in mass in the region surrounding UI between April 2002 and April 2012. In brief, we use monthly, Release-4 gravity fields in the form of spherical harmonic (Stokes) coefficients, generated at the Center for Space Research at the University of Texas. We augment those fields by replacing the GRACE C20 values with C20 [Cheng et al., 2011] , and including degree-one terms computed from GRACE data as described by Swenson et al. [2008] . We remove contributions from global water storage outside Greenland, using the Global Land Data Assimilation System (GLDAS)/Noah land surface model [Rodell et al., 2004] , and we redistribute any net global mass loss or gain predicted by GLDAS into the ocean. We correct for glacial isostatic adjustment (GIA) by removing model results based on the global ICE-5 G deglacation history and VM2 viscosity profile [Peltier, 2004] , computed as described in A et al. [2012] . We apply the decorrelation filter described by Swenson and Wahr [2006] to the GRACE-minus-GLDASminus-GIA Stokes coefficients. Finally, we construct a monthly time series from the filtered results, by computing a Gaussian average with a 250 half width [Wahr et al., 1998 ] about a point close to the UI calving front.
[27] The 250 km Gaussian averaging function is shown in Figure 8a , to illustrate the sensitivity of our GRACE estimates to mass loss in the region surrounding UI. Our monthly time series is shown in Figure 8b . There is a clear increase in the rate of mass loss in mid-2005, as illustrated by the difference in slopes between the two solid, best-fitting orange lines.
Sea Surface and Air Temperatures
[28] To investigate potential triggers for the dynamically induced thinning on glaciers 1 and 4, we analyze sea-surface temperature (SST) and air temperatures. was potentially triggered by a combination of increased air and ocean temperatures.
Discussion and Conclusions
[29] The rapid increase in glacier ice speeds seen in many places has been attributed to decreased flow resistance and increased along-flow tensile stresses during the retreat of the calving front [Howat et al., 2007; Joughin et al., 2004; Shuman et al., 2011; Thomas, 2004] [30] Measurements of the surface elevation along ICESat and ATM track points differenced with the 1985 DEM suggest large-scale thinning (>100 m during 1985-2010) on glaciers 1 and 4. However, Figures 3 and 4 suggests rapid thinning on glacier 1 starting in summer 2005, whereas thinning on glacier 4 occurred before 1991 (based on the 1985-1991 retreat of the calving front). The timing of the glacier 1 thinning is consistent with the observed speedup on several glaciers along the northwest coast of Greenland [Joughin et al., 2010; Pritchard et al., 2009] and the mass loss observed using GRACE satellite data [Khan et al., 2010] .
[31] Figures 3 to 6 suggest that the thinning by tens of meters on glacier 1 is dynamically induced. The timing of that thinning coincides with the observed greater than 50% increase in the flow speed of glacier 1 during 2005 to 2006 relative to 2000 to 2001. SMB data suggest 4 to 6 m of melt-induced thinning during 1985 to 2010 on glaciers 1 to 4 ( Figure 6 ). Thus, some of the observed thinning of 15 to 30 m during 1985 to 2010 on glaciers 1 to 4 can be explained as melt-induced thinning. Because glaciers 3 and 4 are located only about 10 km apart, the melt-induced thinning should be similar for the two glaciers; the SMB results suggest elevation change differences of less than 1 m (Figure 6 ). Consequently, the relatively large thinning of glacier 4 is most plausibly explained as dynamic thinning.
[32] Our observations show dynamically induced icevolume loss on the frontal portion of UI of 45.5 AE 5.4 km 3 (during 1985-2010) , whereas the total melt-induced icevolume loss during this same period is 7.4 AE 1.3 km 3 . Ice loss took place on different glaciers and during different time intervals. The first period of ice loss is associated with huge thinning (>100 m) on glacier 4 and only minor thinning on glaciers 1 to 3. The second period of ice loss is associated with huge thinning on glacier 1 and only minor thinning on glaciers 2 to 4. UI appears to be thinning and retreating stepwise, and the thinning and retreat do not always take place on the same glacier.
[33] In this article, we have documented at least two periods of ice loss characterized by a retreat of the calving front, increased ice speeds, and thinning. The most recent ice loss coincides with speedup on several glaciers along the northwest coast of Greenland [Pritchard et al., 2009; Joughin et al., 2010] and mass loss observed using GRACE satellite data (Figure 8) . Kjaer et al. [2012] recently reported dynamically induced ice-loss events on the northwestern Greenland Ice Sheet margin from 1985 to 1993 and 2005 to 2010. The first event observed here (on glacier 4) could possibly have taken place during 1985 to 1991 and been triggered by relatively high ocean and air temperatures.
[34] Our observations show that dynamically induced accelerations of ice loss last until the glacier stabilizes; for example, glacier 4 experienced dynamically induced accelerations of ice loss before 2002, but we observe no significant dynamically induced thinning on that glacier during 2002 to 2010 (and no significant retreat of the front during 1991-2010). Similar observations have been made in southeast Greenland where rapid speedup of ice flow and retreat in 2003 to 2004 [Howat et al., 2005; Stearns and Hamilton, 2007] was followed by a deceleration and stabilization in 2006 [Nick et al., 2009] . Consequently, extrapolation of future ice loss from the recent dynamically induced acceleration of ice loss in Greenland's outlet glaciers should be done with caution.
[35] We estimate catchment-wide dynamically induced mass loss of 43.0 AE 12.9 Gt during 2005 to 2010 (Table 2) , which is about 80% of the total ice loss. By converting the volume listed in Table 1 to mass, we obtain a dynamically induced mass loss of 29.3 AE 9.2 Gt during 1985 to 2002. Taking into account that this is a minimum mass loss rate because the area of retreat is not included when computing the volume loss, we estimate a minimum catchment-wide, dynamically induced mass loss of 72.3AE 15.8 Gt during 1985 to 2010. Catchment-wide melt-induced mass loss for the same period is 19.8 AE 2.8 Gt. Hence, the UI catchment basin lost a total of at least 92 AE 15.8 Gt during 1985 to 2010, where at least 79% was due to dynamic thinning. This indicates the importance of including dynamically induced ice loss in the total mass change budget of the Greenland ice sheet.
[36] However, it should be noted that our ratio between melt and dynamically induced ice loss is probably not representative of the entire northwest Greenland ice sheet, because other glaciers along the northwest coast experienced less dynamic thinning McFadden et al., 2011] , and so their relative contributions from dynamic ice loss are expected to be smaller.
